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Vertical ground motion induced by a moving train is one of the major sources of environmental loads that aﬀect the
normal operation of sensitive equipment installed in a high tech building nearby the railway. This paper investigates
the microvibration level of a high tech building subject to nearby train-induced vertical ground motion and its mitigation
using a hybrid control platform for sensitive equipment. The hybrid platform is an elastic body mounted on the building
ﬂoor through a series of passive mounts and controlled by hydraulic actuators with a sub-optimal control algorithm. The
ﬁnite element model and the governing equations of motion of the coupled platform-building system are established in the
absolute coordinate to facilitate the feedback control and performance evaluation of the platform. The time histories of
vertical ground motion are generated from the ground motion spectra that are the functions of track, train, and soil
parameters. Numerical simulation and parametric studies are conducted on a typical three-story high tech building.
The results show that the use of hybrid control platform can eﬀectively reduce vertical microvibration of a batch of high
tech equipment to the level satisfying the most stringent microscale velocity requirement speciﬁed in the BBN criteria. The
hybrid control platform is superior to the passive platform because of its higher performance and robustness.
 2006 Elsevier Ltd. All rights reserved.
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With rapid advancement of high tech industry and nanotechnology, environment and vibration restrictions
for high tech equipment installed in a high tech building become more and more stringent. On the other hand,
it becomes more and more diﬃcult to ﬁnd adequately vibration-free areas in Asian countries to build high tech
buildings because of rapid development of infrastructures and fast expansion of urban areas. One of the major
sources of vibrations of concern in relation to high tech buildings is nearby train-induced ground motion
(Ungar and Gordon, 1983). To ensure the high quality of ultra-precision products, it is thus imperative to ﬁnd0020-7683/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
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ern high tech building.
Using passive mounts to isolate individual sensitive equipment from a vibrating building ﬂoor is a common
practice in high tech industry. Though passive isolation systems are simple and easy for implementation, the
microvibration reduction level is always limited due to the nature of passive control. To overcome this short-
coming, active control tables using pneumatic actuators, piezoelectric actuators, electromagnetic actuators, or
giant magnetostrictive actuators with various control algorithms such as pole assignment and H-inﬁnity con-
trol have been studied (Nakamura et al., 2000; Yoshioka et al., 2001). However, most of the studies take build-
ing ﬂoor vibration as a direct excitation to either passive isolation systems or active control tables. Dynamic
interaction between the building and isolation systems/tables is not considered. Though this treatment may be
adequate for a large building with limited amount of sensitive equipment, it is not suﬃcient and economic for
a large building with a vast quantity of heavy high tech equipment and accessories. Recently, Yang and
Agrawal (2000) conducted an extensive theoretical study of possible use of various protective systems for
microvibration control of a high tech building under train-induced horizontal ground motion in consideration
of dynamic interaction between the building and control system. Xu et al. (2003) also performed an investi-
gation of using a hybrid control platform for microvibration control of a batch of high tech equipment
and on coupling eﬀects between the building and control platform. They concluded that dynamic interaction
between the passive/hybrid platform and building should be taken into account if a vast quantity of high tech
equipment is mounted on a platform. However, the investigations above all are concerned with train-induced
horizontal ground motion, and accordingly the control platform is assumed to be rigid. In fact, traﬃc-induced
vertical ground motion and hence vertical building ﬂoor vibration are more critical than the horizontal vibra-
tion for microvibration control of high tech equipment. Moreover, the assumption of a rigid control platform
in the horizontal vibration is no longer valid for its microvibration control in the vertical direction.
This paper thus aims to present a framework for the determination of microvibration level of a high tech
building subject to nearby train-induced vertical ground motion and for the evaluation of hybrid control plat-
form eﬀectiveness in reducing vertical microvibration of sensitive equipment by taking vertical ground motion,
building, platform and control device as an interactive system. The time histories of vertical ground motion
are generated from the ground motion spectra. The hybrid platform is taken as an elastic body with signiﬁcant
bending modes of vibration and mounted on the building ﬂoor through a series of passive mounts and con-
trolled by hydraulic actuators with a sub-optimal control algorithm. The ﬁnite element model and the govern-
ing equations of motion of the coupled platform-building system are established in the absolute coordinate.
Numerical simulation and parametric studies are then carried out on a typical three-story high tech building
to assess the performance of passive or hybrid control platform for mitigating vertical microvibration of high
tech equipment against the BBN (Bolt, Beranek and Newman) vibration criteria (Gordon, 1991; Amick,
1997).
2. Train-induced vertical ground motion
Train-induced ground vibration is of greatest concern for nearby high tech buildings as it is a most impact-
ing source disturbing the normal operation of sensitive equipment inside the building. The excitation mecha-
nisms of train-induced ground motions strongly depend on the mechanical properties of soil, the axle loads of
the carriages, the number of carriages in a train, the speed of a train, and the geometrical parameters of the
track. Many investigations have been carried out to develop analytical models for predicting train-induced
ground motion (Alabi, 1989; Krylov and Ferguson, 1994; Jones and Block, 1996; Hunt, 1996). The analytical
model proposed by Krylov and Ferguson (1994) is adopted in this study. Their analytical model was estab-
lished in the framework of quasi-static wheel pressure eﬀects. The mechanical properties of the rail track
and the parameters of train and soil (including contact nonlinearity of the track–soil system) were taken into
account in their analytical model. By using the Green’s function formalism and considering the generation of
elastic Rayleigh surface waves by each sleeper of the track subjected to the action of all wheel axles, with the
time and space diﬀerences between sleepers being taken into account, they derived the following expression for
the Fourier spectrum of vertical ground velocity generated by a moving train at a distance y = y0 from the
track.
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where i is the imaginary unit; c and cR are the attenuation coeﬃcient and Rayleigh wave propagation velocity
of soil, respectively; M is the distance between the two bogies in a carriage; L is the carriage length; m is the
current number of sleepers; n and N is the current and total number of carriages, respectively; v is the train
speed; d is the distance between two sleepers; and qm ¼ ½y20 þ ðmdÞ21=2. The expression of V(x) in Eq. (1) is
given asV ðxÞ ¼ ðp=2Þ1=2P bðxÞðixÞqðkRÞ1=2k2t =lF 0ðkRÞ ð2Þ
in which kR = x/cR is the wavenumber of a Rayleigh surface wave of the soil; k1 = x/c1 and kt = x/ct are the
wavenumbers of longitudinal and shear bulk elastic waves, respectively; c1 = [(k + 2l)/q0]
1/2 and ct = (l/q0)
1/2
are longitudinal and shear propagation velocities; k and l are Lame constants; q0 is the ground mass density;
and q ¼ ðk2R  k21Þ1=2. The factor F 0(kR) is a derivative of the following Rayleigh determinantF ðkÞ ¼ ð2k2  k2t Þ2  4k2ðk2  k2t Þ1=2ðk2  k21Þ1=2 ð3Þ
taken for k = kR, and Pb(x) is the Fourier transform of the vertical force from one sleeper acting on the imme-
diate foundation due to the action of two axle loads separated by the distance a.P bðxÞ ¼ 2P ðxÞ cosðxa=2vÞ ð4Þ
where P(x) is the Fourier transform of vertical force from one sleeper acting on the foundation due to the
action of one axle load.P ðxÞ ¼ ðF md=px0Þfð2bvþ xÞ=½ðbvÞ2 þ ðbvþ xÞ2 þ ð2bv xÞ=½ðbvÞ2 þ ðbv xÞ2g for F m 6 F cr
P ðxÞ ¼ ðF md=px0Þð2pv=x0Þ cosðxx0=vÞ=½x2  ðpv=2x0Þ2 for F m > F cr
ð5Þ
where Fm is the axle load; Fcr = (2p/b)exp(p) is the critical value of axle load; p is the weight of the track per
unit length; and b and x0 are two parameters given asb ¼ ða=4EIÞ1=4 ð6Þ
x0 ¼ ð1=bÞfp ½0:4 logðbF m=2eppÞ0:3g ð7Þwhere a is the proportionality coeﬃcient of the elastic foundation depending on the stiﬀness of the ground and
the rubber pads inserted between rail and sleepers; E is the Young’s modulus of the track; and I is the cross-
sectional momentum of the track.
Once the Fourier spectrum of vertical ground velocity generated by a moving train at a distance y = y0
from the track is gained from Eq. (1), the Fourier spectrum of vertical ground displacement and acceleration
at the same position can be obtained by multiplying the velocity spectrum by 1/ix and ix, respectively. Time
histories of the vertical displacement, velocity, acceleration of the ground motion are then obtained by per-
forming the inverse Fourier transform of the corresponding spectrum.
3. Modelling of the problem
Let us consider a typical three-story high tech building with its ﬁrst and second stories as a double-level sub-
fab and its third story as a clear room. The clear room sits on the second ﬂoor supported by a series of col-
umns that provide both the horizontal and vertical stiﬀness to the second ﬂoor. A vast quantity of high tech
equipment is installed on the second ﬂoor directly if there are no isolation systems. A long truss spans over the
clear room to form the building roof and to support mechanical equipment such as cranes for installation and
maintenance. The horizontal stiﬀness of the columns supporting the truss is much smaller than that of the
6524 Y.L. Xu, A.X. Guo / International Journal of Solids and Structures 43 (2006) 6521–6534second ﬂoor. Since train-induced ground motion to the foundation of the building is very small compared with
earthquake-induced ground motion, the soil–structure interaction does not signiﬁcantly aﬀect vibration char-
acteristics of the train-induced ground motion underneath the building and it is thus not considered in this
study.
Since this study concerns microvibration control in the vertical direction only and for the sake of clariﬁca-
tion, the three-story high tech building is simpliﬁed as a three-story planar frame as shown in Fig. 1. The ﬂex-
ural rigidity of the ﬁrst and second ﬂoors is determined based on the concept of equivalent stiﬀness. To
mitigate microvibration of a batch of high tech equipment, an elastic passive platform is mounted on the sec-
ond ﬂoor through a few passive mounts in the vertical direction. When several hydraulic actuators are
installed between the building and passive platform in parallel to the passive mounts, a hybrid control plat-
form is formed. A vast quantity of high tech equipment is then installed on either the passive platform or
the hybrid control platform other than the second ﬂoor of the building. As shown in Fig. 1, the ﬁnite element
method with consistent mass matrix is employed to model the coupled platform-building system. Beam ele-
ments with three degrees of freedom (DOF) at each end are used to model all the columns, slabs, roof, and
platform of the coupled system. Each passive mount is simply represented by a spring and a dashpot arranged
in parallel, which are regarded as a special element. The motion of a hydraulic actuator is governed by a dif-
ferential equation and modeled separately, and the arrow in Fig. 1 is used to represent the force generated by
the hydraulic actuator.
3.1. Equation of motion of building without control
The equation of motion of the high tech building without a platform is ﬁrst established to assess the microv-
ibration level of the second ﬂoor of the building in the vertical direction. Since the second ﬂoor of the building
without the platform and later the control performance of either a passive platform or a hybrid control plat-
form should be assessed in terms of its absolute velocity as stipulated in the BBN vibration criteria, the equa-
tion of motion of the building is thus established in the absolute coordinate. Let us divide the displacement
vector of the building in the absolute coordinate into two parts: (1) x includes the N DOFs of the superstruc-
ture; and (2) xs contains the Ns DOFs of the supports. Then, the equation of motion of the building without a
platform can be written in partitioned form:m ms
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Fig. 1. Finite element model of a high tech building with hybrid control platform.
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tively; x = {u1,v1,w1, . . . ,ui,vi,wi, . . . ,uN/3,vN/3,wN/3}
T is the absolute displacement vector of the superstruc-
ture, where ui, vi, and wi are the absolute displacements at node i in the horizontal, vertical and rotational
directions, respectively; _x and €x are the absolute velocity and acceleration vector of the superstructure, respec-
tively; pg is the force vector at the supports. All the mass, damping, and stiﬀness matrices can be determined
from the properties of the building using the conventional ﬁnite element method. It is noted that no external
forces are applied along the superstructure DOFs. Thus, the ﬁrst of the two partitioned equations for the con-
cerned building forms the following governing equation of motion for the building without a platform:m€xþ c _xþ kx ¼ msI€xver  csI _xver  ksIxver ð9Þ
where xver, _xver and €xver are the vertical ground displacement, velocity and acceleration, respectively; and
I ¼ f0 1 0    0 1 0gT1N s is the inﬂuence matrix of the ground motion.
3.2. Equation of motion of building with passive platform
For the building with a passive control platform as shown in Fig. 1, the equation of motion of the platform-
building system can be established using the same procedure as described above. The passive control platform
is composed of passive mounts and an elastic platform, in which the elastic platform is modeled by a series of
beam elements while the passive mount is modeled by a special element with one DOF at each end. Then, the
equation of motion of the coupled platform-building system can be written in the absolute coordinate asm mp ms
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>; ð10Þwhere xp, _xp and €xp are the absolute displacement, velocity and acceleration vectors of the platform, respec-
tively. Considering the ﬁrst and the second of the above partitioned equations yields the following governing
equation of motion for the building with passive platform:m mp
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ð11Þ3.3. Equation of motion of building with hybrid control platform
Microvibration reduction level of a passive platform is always limited due to the nature of passive mounts.
If passive mounts are too soft, there may be potential problems with static stability of the platform. The large
drift of the platform to the building ﬂoor is also not allowed in practice because of complex pipe systems con-
nected to the high tech equipment. To circumvent this problem, hydraulic actuators with active control are
added between the platform and building in parallel to passive mounts, leading to a hybrid control platform.
The equation of motion of the building with a hybrid control platform can be obtained by extending Eq. (11)
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where f = {f1, . . . , fi, . . . fm}
T is a vector with fi being the control force from the ith actuator (i = 1,2, . . . ,m); and
H is the inﬂuence matrix to specify the location of the actuators.
Ignoring control–structure interaction and actuator dynamics in the analysis and design of protective sys-
tems can severely limit their performance and robustness. Dyke et al. (1995) developed, based on the work of
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in many protective systems._f ¼ 2b
V
½A0kqcðu xÞ  kcf  A20 _x ð13Þwhere f is the force generated by an actuator; A0 is the cross-sectional area of the actuator piston; b is the bulk
modulus of the hydraulic ﬂuid; V is the characteristic hydraulic ﬂuid volume for the actuator; kq and kc are the
ﬂow gain and ﬂow coeﬃcient, respectively; c is the proportional feedback gain; x is the displacement of the
actuator which is used as the position feedback to stabilize the actuator; _x is the velocity of the actuator which
conﬁgures the velocity feedback feature of the actuator; and u is the input displacement command of the actu-
ator valve. When the actuator is incorporated into the platform-building system, the displacement of the actu-
ator x in Eq. (13) should be replaced by the relative displacement between the platform and building. Eq. (12)
can be written in the state space form_z ¼ Azþ Buþ Fe ð14Þ
where z ¼ fx; xp; _x; _xp; fgT is the state vector of the coupled platform-building system; A is the state matrix of
the system; B is the control matrix; u is the input displacement command vector of the actuators; F is the inﬂu-
ence matrix related to the ground motions; and e ¼ f€xver; _xver; xvergT is the vector of the ground motion.
3.4. Control strategy
From a practical point of view, the state vector z of the coupled actuator–platform-building system can
rarely be measured as a whole. It is thus often necessary to replace the state vector z by an incomplete state
measurement vector y, leading to the so-called sub-optimal control (Kosut, 1970). In consideration that the
control performance is evaluated by the absolute velocity of the platform and the excessive drift of the plat-
form should be avoided in practice, the absolute velocity and the drift of the platform, measured at each actu-
ator, are selected as the two elements in the measurement vector y. The relation between the original state
vector z and the measurement vector y can be expressed asy ¼ Cz ð15Þ
where C is called the measurement matrix which depends on the number and location of the actuators. Using
the minimum norm method in the sub-optimal control theory (Kosut, 1970), the sub-optimal displacement
command vector u is determined byu ¼ Ey ð16Þ
whereE ¼ KCTðCCTÞ1 ð17Þ
in which K is the optimal feedback matrix determined by minimizing the performance functionJ ¼ 1
2
Z 1
0
ðzTQzþ uTRuÞdt ð18Þsubject to the constraint of Eq. (14). The matrix Q is the positive semi-deﬁnite weighting matrix for the state
vector z and the matrix R is the positive weight matrix for the control displacement command u. The above
control strategy implies that the actuators work continuously during the normal operation of high tech equip-
ment: triggering actuators do not occur during the normal operation of high tech equipment.
4. BBN vibration criteria for high tech equipment
Several kinds of generic vibration criteria are available for allowable microvibration levels of sensitive
equipment. The Bolt, Beranek and Newman (BBN) criteria proposed by Ungar and Gordon (1983) is the most
widely used one in practice, in which the velocity rather than displacement and acceleration is adopted as a
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the International Standards Organization (ISO) guidelines for the eﬀects of vibration on people in buildings,
are shown in Fig. 2. The BBC criteria for high tech equipment take the form of a set of one-third octave band
velocity spectra labeled vibration criterion curves VC-A through VC-E, in which the velocity spectrum is
expressed in dB referenced to 1 lin./s. The most severe criterion requires velocities to be less than the VC-
E level of 125 lin./s (3 lm/s), whereas the most lax criterion corresponds to velocities below the VC-A level
of 2000 lin./s (50 lm/s) within a frequency range from 8 Hz to 80 Hz.
Since the BBN vibration criteria are used in this study to evaluate the control performance, the absolute
velocity response time histories of either the platform or the second ﬂoor of the building without platform
at designated points should be converted to the one-third octave plots. The one-third octave plot of any veloc-
ity response time history _xðtÞ can be obtained from its Fourier transform _X ðnÞ in approximation using the fol-
lowing equation (Yang and Agrawal, 2000):_X 1=3ðncÞ ¼
X1:12nc
0:89nc
_X ðnÞDn
" #1=2
ð19Þwhere Dn is the resolution of FFT; n is the frequency in Hz; and nc is the centre frequency. The centre fre-
quency is given by nc = 2
(m/3), where m is an integer. The one-third octave bandwidth is approximately
23% of its centre frequency. Clearly, the one-third octave plot obtained from Eq. (19) is constant in the fre-
quency band from 0.89nc to 1.12nc. Thus, it can be plotted as a histogram. In order to evaluate _X 1=3ðncÞ in
terms of the BBN vibration criteria, _X 1=3ðncÞ is also expressed in dB referenced to V0 = 1 lin./s, that isV ðncÞ ¼ 20log10½ _X 1=3ðncÞ=V 0 ð20Þ5. Numerical simulation and parametric study
The high tech building-platform system shown in Fig. 1 is selected as a case study, in which the building is
modeled by 24 elements and the platform is divided as four elements. The dynamic properties of each element
are listed in Table 1 with and without equipment weight. The platform is connected to the second ﬂoor of the
building through ﬁve passive mounts in the vertical direction. For the hybrid control, three actuators link
nodes 11 and 24, nodes 13 and 26, and nodes 15 and 28, respectively, to mitigate the vertical vibration of
the platform. Nodes 1–2 are the building supports subject to identical vertical ground motion. To gain the
time histories of vertical ground motion induced by nearby a moving train, the Fourier spectrum of the
Table 1
Dynamic parameters of the elements
Element no. EA (MPa m2) EI (MPa m4) Length (m) Mass (ton)
1, 2 3.70 · 105 6.83 · 104 4.4 209.6
3, 4 3.70 · 105 6.83 · 104 6.6 314.3
5, 6 5.88 · 104 2.25 · 104 7.5 16.76
7, 12 2.07 · 105 1.31 · 106 1.3 30.87 (45.55)
8–11 2.07 · 105 1.31 · 106 7.0 166.26 (245.30)
13, 18 2.07 · 105 1.31 · 106 1.3 30.87 (36.59)
14–17 2.07 · 105 1.31 · 106 7.0 166.26 (197.05)
19, 24 6.03 · 104 1.16 · 105 1.3 16.17
20–23 6.03 · 104 1.16 · 105 7.0 87.11
25–28 1.03 · 105 6.55 · 105 7.0 90.85 (215.35)
The value in the bracket is the mass of equipment.
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The major parameters used in the computation of the velocity spectrum are as follows: (1) the properties of the
train used in this study are Fm = 100 kN, Fcr = 108.3 kN, n = 5, M = 4.88 m, L = 8.3 m, and a = 2.2 m; (2)
the parameters of the track and sleepers are m = 300, d = 0.7 m, b = 1.28 m1, p = 3 kN/m; (3) the elastic
parameters of the soil are cR = 250 m/s, c1 = 471 m/s, ct = 272 m/s, l = 147 MPa, q0 = 2000 kg/m
3, and
c = 0.00478; and (4) the velocity of the train and the distance of building to the track are v = 80 km/h and
y0 = 20 m respectively.
Once the Fourier spectrum of vertical ground velocity is gained, the Fourier spectra of vertical ground dis-
placement and acceleration at the same position can be obtained by multiplying the velocity spectrum by 1/ix
and ix, respectively. Time histories of the vertical displacement, velocity, acceleration of the ground motion
are then obtained by performing the inverse Fourier transform of the corresponding spectrum. The simulation
results are plotted in Fig. 4 for the case study. It is observed from Fig. 3 that the ﬁrst three dominant peaks in
the velocity spectrum occur at the frequency of 2.5 Hz, 8.0 Hz, and 10.7 Hz, respectively. The maximum spec-
tral amplitude occurs at 29 Hz. It is also observed from Fig. 4 that the maximum vertical displacement, veloc-
ity, and acceleration are 7.99 lm, 0.066 cm/s, and 10.12 cm/s2, respectively.
5.1. Building without control
For the high tech building without a platform, high tech equipment and ancillary equipment are installed
on the ﬂoors of the building. The ﬁrst four natural frequencies of the building including equipment weight and0 10 20 30 40 50
-100
-50
0
50
100
V
el
oc
ity
 sp
ec
tru
m
 (d
B 
re 
10
-
9 m
 /s
)
Frequency (Hz)
Fig. 3. Frequency spectrum of vertical ground velocity.
0 1 2 3 4 5 6
-10
0
10 Max. Displacement: 7.99 (μm)
D
isp
la
ce
m
en
t (
μm
)
Time (s)
0 1 2 3 4 5 6
-0.10
-0.05
0.00
0.05
0.10
Max. Velocity: 0.066 (cm/s)
V
el
oc
ity
 (c
m/
s)
Time (s)
0 1 2 3 4 5 6
-10
0
10 Max. Acceleration: 10.12 (cm/s2)
A
cc
el
er
at
io
n 
(cm
/s2
)
Time (s)
(a)
(b) 
(c) 
Fig. 4. Time histories of vertical ground motion: (a) displacement; (b) velocity; (c) acceleration.
Y.L. Xu, A.X. Guo / International Journal of Solids and Structures 43 (2006) 6521–6534 6529related to the second ﬂoor of the building in the vertical direction are 9.16, 9.98, 27.81, and 30.01 Hz respec-
tively. The building damping is assumed to comply with the Rayleigh damping, and the ﬁrst two damping
ratios are taken as 2%.
Since a batch of high tech equipment is installed on the second ﬂoor of the building, the microvibration
level is assessed in terms of the absolute velocity responses of the second ﬂoor at a few points. The absolute
velocity response time histories of the second ﬂoor of the building under the designated ground motion are
thus computed and converted to the one-third octave band velocity response spectrum, which are then com-
pared with the BBN vibration criteria. The vertical velocity response spectra of the second ﬂoor at nodes 11
and 13 are shown in Fig. 5. It is observed that the vibration level of the second ﬂoor at nodes 11 and 13 exceeds
the speciﬁcation for any type of high tech equipment in the vertical direction. The maximum vertical velocities
are 49.4 and 43.5 dB at nodes 11 and 13, respectively, with reference to 1 lm/s. The frequency range covering
higher vibration level is from 8 to 12 Hz and then around 32 Hz.
5.2. Building with passive control platform
The passive platform is now considered to reduce the microvibration level of high tech equipment in the
vertical direction. The properties of the building remain unchanged, and the high tech equipment is moved
form the second ﬂoor to the passive platform. The passive platform is supported by ﬁve passive mounts,
and the properties of the passive mounts, including the spring stiﬀness and damping coeﬃcient, are assumed
to be the same. To facilitate the selection of the optimal properties of passive mounts, the nominal frequency
and damping ratio of the platform are simply deﬁned as fp = (kp/mp)
1/2/2p and fp = cp/(4pmpfp), respectively,
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the platform including the mass of the equipment; kp and cp are the total stiﬀness and damping coeﬃcient
summed from the ﬁve passive mounts in the vertical direction. Thus, once the optimal nominal frequency
and damping ratio of the platform are found, the corresponding optimal stiﬀness and damping coeﬃcient
of the passive mounts can be found. It should be noted that the nominal frequency and damping ratio of
the platform deﬁned here are not the frequency and damping ratio of the real platform because the real plat-
form is an elastic beam other than a rigid body. In the following parametric study, the nominal frequency of
the platform changes from 1.2 Hz to 4.0 Hz. In general, the lower the frequency of the platform, the less is the
response of the platform. However, the use of the frequency less than 1.2 Hz is not practical because the stiﬀ-
ness of passive mounts in the vertical direction cannot be too low to support the weights of the platform and
equipment. To avoid the resonance of the platform with the building, which will cause large response of the
platform, the frequency of the platform should be away from the frequency of the building. Thus, the fre-
quency of platform in the parametric study is selected to be less than 4.0 Hz. The nominal damping ratio
of the platform is selected to be 1%, 2%, 3% and 4% in the following parametric study.
The absolute velocity response time histories of the passive platform are computed at each node in the ver-
tical direction for the building under the same ground motions as used for the building without the platform.
They are computed for a series of nominal frequencies and damping ratios of the platform. These time histo-
ries are converted to the velocity response spectrum, and the maximum velocity response in dB is then iden-
tiﬁed from each velocity response spectrum and plotted against the nominal frequency and damping ratio of
the platform. The maximum vertical velocity responses and drifts of the platform at node 26 (the middle of the
platform) are plotted in Fig. 6a against the nominal vertical frequency for four diﬀerent nominal vertical
damping ratios of the platform. It is observed that the maximum vertical velocity response of the platform
increases with increasing nominal vertical frequency of the platform. Within the nominal frequency range
from 1.2 to 2.4 Hz, the microvibration level of the platform at node 26 is lower than the VC-E level. Within
the nominal frequency range from 2.4 Hz to 3.6 Hz, the microvibration level of the platform is higher than the
VC-E level but lower than the VC-B Level. With the further increase in nominal vertical platform frequency,
the microvibration level of the platform exceeds the VC-B level. In general, a higher nominal damping ratio
leads only slightly lower vertical velocity response when the nominal frequency is greater than 2.4 Hz. For the
drifts of the platform, Fig. 6b shows that the maximum drift of the platform at node 26 reaches its global max-
imum value of 52.21 lm around a frequency of 2.8 Hz with a nominal damping ratio of 1%. The frequency of
2.8 Hz is around the ﬁrst dominant frequency of the ground motion. The global maximum drift becomes smal-
ler for a higher damping ratio. The maximum velocity responses of the passive platform at nodes 24 and 25 are
also displayed in Fig. 7a and b, respectively. The variations of the maximum velocity response at these two
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(b) maximum vertical drift at node 26.
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relatively rigid in the vertical direction.
5.3. Building with hybrid control platform
To improve the microvibration control performance of the passive platform, a hybrid control platform is
designed by installing three hydraulic actuators in the vertical direction between the passive platform and
building at nodes 11 and 24, nodes 12 and 25, and nodes 13 and 26. All the three actuators are identical,
and the major parameters of the hydraulic actuator are taken as c = 2.5, A0/kq = 0.15, A0kq/kc = 25 and
V/2bkc = 0.015. The hydraulic model used in this study with the parameters given above was tested by Dyke
et al. (1995). In the following parametric study, the parameters of the hydraulic actuator remain unchanged
but the weighing matrices in the sub-optimal control algorithm are changed for a given nominal damping ratio
of the platform in order to achieve better control performance.
Fig. 6a and b depicts the maximum velocity response and drift of the hybrid control platform at node 26
together with those of the passive control platform against the nominal horizontal frequency for four diﬀerent
nominal damping ratios of the platform. When the nominal frequency is small and below 2.0 Hz, the hybrid
control platform performs similar to the passive platform. However, when the nominal frequency of platform
reaches 2.0 Hz above, the maximum velocity response of the platform can be controlled to keep the microv-
ibration level of the hybrid control platform below the VC-E level and satisfy the speciﬁcation for all types of
high tech equipment within a wide range of nominal frequency range. At the same time, Fig. 6b shows that the
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the nominal frequency of the platform. The time history of the control force from the actuator at node 26 is
plotted in Fig. 8 with a nominal platform frequency of 2.4 Hz and a nominal damping ratio of 2%. It is seen
that the maximum control force of the actuator is only 1.67 kN.
As shown in Fig. 7a for node 24 and Fig. 7b for node 25, the eﬀectiveness of the hybrid control platform
at node 26 retains almost the same at nodes 24 and 25. It is noted that there is no actuator directly installed
at node 25, and thus the same eﬀectiveness of the hybrid control platform at nodes 25 and 26 indicates that
the ﬂexural rigidity of the platform is quite high. To see the eﬀect of the ﬂexural rigidity of the platform on
its control performance, the ﬂexural rigidity EI and the axial rigidity EA of the platform listed in Table 1 are0 1 2 3 4 5 6
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Fig. 8. Time history of control force of actuator at node 26.
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maximum velocity responses of either the passive platform or the hybrid control platform at nodes 24–26 are
then computed and plotted in Fig. 9 against the nominal platform frequency for a nominal damping ratio of
2%. It is observed that for the passive platform, the maximum velocity responses at three nodes are quite
similar to each other. However, for the hybrid control platform, the maximum velocity responses at node
25 are greater than those at nodes 24 and 26. This indicates that the eﬀectiveness of a hydraulic actuator
is limited to the place around the location of the actuator when the ﬂexural rigidity of the platform is small.
In this case, the number of actuators should be increased and the location of actuators should be properly
selected.6. Conclusions
Using hybrid control platform to mitigate vertical microvibration of a vast quantity of sensitive equipments
installed in a high tech building subject to nearby train-induced ground motion has been investigated. The
ﬁnite element model and the governing equations of motion of the coupled platform-building system manip-
ulated by a sub-optimal control algorithm have been established in the absolute coordinate. Extensive numer-
ical simulations and parametric studies were carried out using a typical three-story high tech building to assess
the control performance of the hybrid control platform through the comparison with the building without
control and the building with a passive platform. The computation results showed that the vibration level
of the second ﬂoor of the building exceeded the requirement for any type of high tech equipment. The use
of a passive control platform could signiﬁcantly reduce the vibration level of high tech equipment if the stiﬀ-
ness of passive mounts was small. When the nominal frequency of the platform was above 2.4 Hz in the ver-
tical direction, the vibration level of high tech equipment would exceed the CV-E level and even the CV-B
level. The hybrid control platform performed much better than the passive platform. When the hybrid control
platform was designed properly, the vertical vibration level of the platform could satisfy the requirements for
all types of high tech equipment within a wide range of nominal platform frequency and at the same time the
control force required is small.Acknowledgements
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